We report the fabrication, characterization, and use of rubidium vapor dispensers based on highly-oriented pyrolytic graphite (HOPG) intercalated with metallic rubidium. Compared to commercial chromate salt dispensers, these intercalated HOPG (IHOPG) dispensers hold an order of magnitude more rubidium in a similar volume, require less than one-fourth the heating power, and emit less than one-half as many impurities. Appropriate processing permits exposure of the IHOPG to atmosphere for over ninety minutes without any adverse effects. Intercalation of cesium and potassium into HOPG have also been demonstrated in the literature, which suggests that IHOPG dispensers may also be be made for those metals.
I. INTRODUCTION
Alkali metals serve as the atomic backbone for a wide variety of physics experiments.
Alkalis' simple electronic structure and strong transitions facilitate laser cooling and make them very attractive candidates for atomic sensors. In experiments using alkali metals, the on-demand production of a clean, dilute vapor is often the first crucial step. The stringent requirements of modern cold atom experiments mean that significant improvements in this first step can positively impact the rest of the experiment.
This work introduces a new architecture for producing extremely pure alkali vapors using intercalated graphite, and compares this new architecture to commercially available dispensers.
Many methods exist to produce pure, dilute atomic vapors. However, experimental parameters often limit which methods are viable. For example, atomic beam experiments need sources with high flux and directionality, but stationary or slow-moving cold atom experiments depend upon extremely pure, dilute vapors, so that the atoms can be trapped and cooled with minimal interference from background gas. The desired background pressures are often orders of magnitude below the room temperature vapor pressure of the metals themselves, impeding the use of pure metallic sources. Other characteristics, such as capacity, activation temperature, ease of handling, and total vapor produced frequently place other restrictions on the source.
For the production of pure, dilute alkali vapors, there are two general architectures in common use. The first uses ovens, usually emitting effusive beams, which offer high purity and capacity (grams), and low activation temperature (∼ 100 ℃ for rubidium). However, simple ovens produce enough vapor to have deleterious effects on pumps and vacuum quality.
1 Negative effects on vacuum can be mitigated, but generally at the expense of increased complexity. The large quantities of pure alkali used can present difficulties for safe handling and disposal, as well.
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The second general architecture uses chromate salts and non-evaporable getters (NEG) to produce a reasonably pure alkali vapor. 3, 4 Commercial chromate salt dispensers are compact and easy to handle, but they have relatively low capacity (∼ 10 mg for a 30 mm long dispenser), a much higher activation temperature (∼ 500 ℃ for rubidium chromate), and can emit significant quantities of unwanted gas under certain conditions. A typical chromate 2 salt dispenser contains non-evaporable getter material to inhibit the release of unwanted gases. However, prolonged periods at room temperature can collect unwanted gases in the dispenser, and improperly degassing before activation can cause contamination of the source. 5 We have observed that extended periods at room temperature produce a measurable pressure spike when the dispenser is next heated, which can be traced to either gas adsorbed onto the steel container of the dispenser or absorbed into the getter material in the package.
We present an alternative source of alkali vapor which compares favorably to the chromate salt architecture in size, ease of handling, and ease of activation while improving on the purity of their output and improving their capacity to ∼ 100 mg in a similar volume.
Highly-oriented pyrolytic graphite (HOPG), essentially graphite with a high degree of internal order, can absorb relatively large amounts of foreign chemicals between the graphene-like layers. This behavior, known as intercalation, has been studied since at least the 1940s.
6,7
Graphite and HOPG have frequently been used as getters for alkali vapors because of this behavior. 8, 9 The characteristics of intercalated HOPG (IHOPG) as a dispenser have been examined in the context of vapor deposition, 10 but, to the best of our knowledge, no examination of its compatibility with ultra-high vacuum (UHV) or modern cold-atom experiments has been made. Many materials are known to intercalate into HOPG, but of special interest here are the three alkalis known to intercalate relatively easily: potassium, rubidium, and cesium. [11] [12] [13] [14] Studies have shown that sodium is much more difficult to intercalate into graphite, 15 therefore it seems unlikely that reliable dispensers can be made for sodium. Although examples of cesium and potassium intercalation are present in the literature, the work described here uses rubidium exclusively. We devised a method to reliably intercalate HOPG with rubidium, make the IHOPG relatively stable in atmosphere, and repeatedly dispense rubidium vapor under vacuum.
We describe the methods for producing rubidium IHOPGs in Section II. The apparatus used to compare the dispensers is detailed in Section III, and then, two comparisons are made. The first comparison, in Section IV, examines the purity of the output vapor of both dispensers in a steady-state configuration. The second, in Section V, compares the undesired gas which accumulates on or in the dispensers after extended periods at room temperature.
In both cases, the IHOPG dispenser output was much purer than the chromate dispenser, and in the steady-state, the emission of the IHOPG dispenser was qualitatively different from the chromate dispenser-the purity of the IHOPG dispenser output vapor was so high 3 that the rubidium vapor reacted with background gases (primarily water vapor) in sufficient quantities to reduce the total pressure in the chamber. Aside from the IHOPG dispenser used for these tests, another IHOPG dispenser has been successfully integrated into a cold atom experiment loading grating magneto-optical traps (MOTs). 16 Another system in current daily use contains an IHOPG for dispensing rubidium, regularly producing Bose-Einstein condensates.
II. FABRICATION AND OPERATION
Alkalis are intercalated into HOPG by placing a heated sample of HOPG in close proximity to molten metal or a vapor at high enough ( mTorr) pressure. The heat allows alkali atoms to diffuse between its graphene-like layers. Specific temperatures are given for rubidium. Cesium has a very similar melting point and vapor pressure, so the temperatures required may also be very similar. Potassium, however, melts at a much higher temperature and has a much lower vapor pressure, so higher temperatures will almost certainly be required.
The procedure detailed below reliably produces rubidium IHOPG dispensers with about 1 mg of rubidium per mm 3 of dispenser. The initial samples of HOPG were 7 x 7 x 1 mm, but successful intercalation increased their volume by a factor between 2 and 3. Several optional steps, detailed in Subsection II A, improve ease of handling.
The structure of the original HOPG affected how reliably they could be intercalated.
HOPG is typically graded by crystallographic order, characterized by two parameters: mosaic angle and grain size. Mosaic angle is a measure of the dispersion of the angles of crystallites in the sample. [17] [18] [19] The grain size is typically measured in microns or millimeters and describes how far apart, on average, grain boundaries can be found. In the early stages of our work, we experimented with samples with different levels of order and found that samples with higher crystallographic order loaded and dispensed more reliably. The dispensers described here were all produced from HOPG samples with mosaic angles of 0.8 ± 0.2 degrees, and with average grain sizes between 0.5 and 1.0 millimeters.
We prebake all of our HOPGs at 250 ℃ under high vacuum to eliminate surface impurities and degas the sample. 48-72 hours at this temperature, with a turbomolecular pump to maintain vacuum, is sufficient to bake out a reasonably clean HOPG sample, meaning one that has been removed from its packing material and handled with gloves. After the prebake, we remove the sample to a nitrogen atmosphere and pour molten elemental rubidium into the chamber, immersing the HOPG. We then attach the chamber to an oil-free roughing pump, reducing the background pressure to the milliTorr range. The rough vacuum removes unwanted gases in the chamber, which can impair intercalation. We then seal off the chamber containing the HOPG and rubidium under rough vacuum and heat the chamber to 125-150 ℃ for at least 48 hours to intercalate the rubidium.
After 48 hours, we turn off the heaters and remove the cooled chamber to an inert atmosphere to examine the HOPG. Successfully intercalated HOPGs dramatically increase in thickness, with a 1 mm thick HOPG swelling to 2 or 3 mm after intercalation. This expansion is strong evidence that the process creates high stresses in the HOPG sample.
We have observed samples that broke into several pieces during intercalation. An attempt to load rubidium into graphene foam reduced the sample to dust. Based on these observations, we conclude that larger grain size inhibits structural damage to the HOPG.
The structure and dimensions of IHOPG are fairly well known 13 . IHOPG has several different stable structures with different stoichiometric ratios. The structure with the most intercalated material has the formula XC 8 , corresponding to 0.89 g of rubidium for each gram of carbon. However, our loaded samples contain more rubidium than this, with a 110 mg HOPG gaining 100-220 mg of rubidium. The expansion in size is also larger than predicted by the expected structure: the known thickness difference between pure and maximally intercalated HOPG is 68%-much less than the 100-200% increases observed in our samples.
These data strongly suggest that additional rubidium is making its way between the layers of the HOPG, pushing them further apart and adding more rubidium mass to the dispensers than would be expected in a pure intercalation.
Once the HOPGs are loaded with rubidium, they are placed in a vacuum chamber and heated in order to liberate the intercalated rubidium. The IHOPGs begin emitting rubidium vapor when heated over some activation temperature, which varies somewhat from sample to sample. Typical activation temperatures range from 125-160 ℃. Additional heating over the activation temperature increases the emission rate. Dispensers rapidly plate rubidium onto nearby glass at temperatures of 250 ℃. A newly loaded dispenser held at 250 ℃ depleted itself in about 72 hours, implying a rate of 2-3 milligrams per hour at that temperature.
A different IHOPG sample emitted no measurable rubidium over a 12 hour period at 150
℃, but at 170 ℃, it produced observable fluorescence in a small chamber after about 10 minutes, suggesting an output rate of about 0.5 nanograms per hour. Our attempts to measure rubidium vapor emitted from IHOPGs at room temperature under vacuum have all been below the detection limit.
Several methods may be used to heat the IHOPGs above the activation temperature. Of these methods, we have had success with two: conductive heating from outside the chamber and inductive heating across a glass wall. For conductive heating, a resistive tape outside the chamber heats the IHOPG through the chamber wall. This method allows easy monitoring of the IHOPG temperature with a thermocouple, which is useful for characterizing a sample's activation temperature. Conductive heating might also be accomplished by attaching the IHOPG to a heating element inside the chamber. For inductive heating, a wire coil outside the chamber, oriented in the same plane as the layers of the IHOPG and carrying a large oscillating current, heats the sample by inducing eddy currents in the graphite.
In a glass chamber, the IHOPG can be epoxied to a chamber wall or simply rest on the chamber bottom. The distance between the coil and the IHOPG controls the temperature and emission rate, though measuring the absolute temperature using this method can be difficult.
A. Improving Ease of Handling
Although the dispenser can be used immediately after loading, it is usually coated in a thin layer of metallic rubidium. Failing to remove the surface rubidium results in rapid reactions with air and moisture upon exposure, and can cause structural damage to the IHOPG after only a few minutes. A few optional steps greatly ease handling in atmosphere. First, we transfer the IHOPG into a clean vacuum chamber and heat it to between 100 and 120 ℃, with a turbomolecular pump maintaining vacuum. We maintain the temperature below the activation temperature to remove surface rubidium without dispensing from between the layers. Depending on the amount of surface rubidium, this takes 24-48 hours. We gauge the depletion of surface rubidium by observing laser fluorescence on the D2 line at 780 nm.
After removing the surface rubidium, we slowly raise the temperature to find the activation temperature. Once rubidium begins to be emitted, we raise the temperature an additional 40 ℃ for 8 hours. We suspect this depletes the rubidium at the edges of the IHOPG, which reduces its availability to react with local atmosphere. Samples treated in this way have been handled in air for 90 minutes or more with no visible changes. Without this second step, the sample turns grey as a coating of rubidium hydroxide forms on the surface. Samples with this coating have still been used to load a MOT. 16 However, these reactions are usually best avoided, as they may cause physical damage, making heating the IHOPG more difficult. For example, a crack could impair inductive heating, or disconnect the dispenser from its heater.
III. APPARATUS
In sections IV and V, we will discuss two comparisons between IHOPG dispensers and commercial rubidium chromate dispensers. This section describes the apparatus used to perform both of those comparisons. A schematic view of the chamber is pictured in Figure   1 . On the left, a rectangular glass chamber provides optical access for a 3D MOT (red laser beams). The IHOPG and a chromate dispenser were located as near each other as possible, in the cylindrical glass neck between the glass and steel parts. A sputter-ion pump and a residual gas analyzer (RGA) were attached to the steel part of the test chamber. The RGA measured partial pressures using a quadrupole mass analyzer, but measured the total pressure using a separate ion gauge filament. The unit used in these experiments was new, The sputter-ion pump maintained the chamber pressure near 1.3 × 10 −8 Torr. Despite a 5 day bakeout of the chamber at 125 ℃ using a turbomolecular pump, the partial pressure of water vapor at 18 AMU/e was still 1.3 × 10 −9 Torr, with additional peaks of hydrogen at 2 AMU/e (2.7 × 10 −9 Torr) and nitrogen and carbon monoxide, both at 28 AMU/e (1.1 × 10
Torr). Other, smaller peaks were also present at several common mass numbers (e.g. carbon dioxide), but they did not significantly change upon heating of either dispenser. Neither dispenser, when heated, introduced new significant peaks to the RGA traces. Rubidium vapor was strongly attenuated by the chamber walls, never reaching the RGA in measurable concentrations.
Before taking data, each dispenser was individually degassed over the course of several hours. Each dispenser was slowly heated while the RGA monitored the released gases. The MOT beams provided feedback to determine when rubidium output began. As the temperature was increased, occasional bursts of output gas were measured on the RGA and were allowed to dissipate before further increasing the temperature. This process was continued until rubidium output was observed. The dispenser being used was then cooled to room temperature, and the background pressure in the chamber was allowed to stabilize, as measured on the RGA, before starting another run.
IV. STEADY-STATE OUTPUT COMPARISON
Each dispenser was heated individually in a steady-state configuration to measure the output gases. With the small amounts of rubidium used, the chamber walls were never saturated with rubidium, so the rubidium vapor was not detected by the RGA. Instead, rubidium density was measured by observing the fluorescence of the atoms illuminated by the MOT cooling beams, imaged onto a photodiode. The fluorescence measurements used
3. An example of the raw data used to produce one of the points in Figure 2 . These data are from a run of the chromate dispenser. The pressure spikes, then falls to an equilibrium pressure greater than measured before heating. The pressure difference between the measurement before turning on the dispenser and at steady state is plotted in Figure 2 against the rubidium fluorescence observed at steady-state.
in Figures 2 and 4 were taken with the quadrupole field and repump light turned off, as day-to-day variations in MOT shape resulted in significant variation in measured MOT fluorescence. In contrast, the light from the untrapped atoms was much more repeatable, and the imaging system had a much clearer global maximum during alignment. Comparing the total pressure to the water vapor pressure, it is clear that much of the pressure decrease is due to the rubidium vapor reacting with background water vapor:
This reaction also helps to explain the additional hydrogen gas observed when operating the IHOPG at rubidium output levels corresponding to greater than 1 mV of fluorescence.
The well-known characteristics of the RGA measurement make it possible to approximate the pressure change in a chamber without background water vapor. We take the total pressure data and add the lost water vapor back to each individual point. Figure 4 shows the data after this correction. Instead of simply adding back the lost water vapor, the data are corrected for the measured sensitivity differences between the mass filter and ion gauge filament, as well as for the measured ratio of the correlated 17 AMU peak. Correcting for the lost water vapor, the total pressure change remains near zero, well below that observed from the chromate dispenser over the measured range. As noted above, rubidium vapor was attenuated by the chamber walls before reaching the RGA. Therefore, the rubidium vapor pressure does not appear in the RGA total pressure levels.
In a chamber without background water vapor, the pressure decrease shown in Figure 2 would likely not appear, but the corrected data in Figure 4 suggest that the pressure increase due to undesired gas emission would be extremely small. In comparison, the chromate dispensers increased total background pressure by about 1.2 × 10 −9 Torr regardless of the level of rubidium output. In the worst case, when the IHOPG was producing almost no rubidium, the total pressure increase in the steady state was 7 × 10 −10 Torr. These results
show that the IHOPGs produce, at most, about one-half of the waste gases of the chromate dispensers, and perform even better at higher output rates.
V. GAS ABSORPTION COMPARISON
UHV systems have extremely stringent requirements on their contents. Even extremely clean materials can outgas enough to have a measurable effect on vacuum quality. Back- water vapor and rubidium. The chromate dispenser data are unchanged from Fig. 2 . The pressure loss due to dispensed rubidium reacting with background water vapor has been added back to the IHOPG data, using best estimates for the sensitivity differences between the mass spectrometer and ion filament, as well as the measured ratio of the 17 AMU peak to further refine the correction.
These data provide approximate values for the expected pressure differences that would be observed in a chamber without background water vapor. Of note is that even with the water vapor losses added back to the IHOPG data, the total pressure increase is near zero, and still much less than the observed pressure increases from the chromate dispenser.
ground gases adhere to the surfaces of the chamber or diffuse through chamber materials, creating a low-level persistent gas load. Heating the chamber or its contents, e.g. a dispenser, releases even more adsorbed gas. We have observed significant gas loads produced by commercial chromate dispensers when heating them, especially after leaving them at room temperature for extended periods. For example, in one chamber, a SAES NEXTorr D 100-5 sputter ion/non-evaporable getter (NEG) hybrid pump normally runs currents at the lower limit of observation, between 0 and 1 nA, corresponding to pressure at or below 1.5 × 10 −11 Torr. After 72 hours with the dispenser at room temperature, heating the chromate dispenser significantly increases the ion pump current. The increase depends on how rapidly the dispenser is heated, but currents of 5-6 nA (7.7 -9.2 ×10 −11 Torr) during the first hour of heating are common. Longer periods of inactivity seem to result in larger currents.
Whether this is caused by adsorption of waste gases onto the steel portion of the dispenser or reversible absorption into the getter material is not certain, but it is reasonable to suppose that a dispenser without dedicated internal getter material might collect less gas over time.
The experiment described below tests this hypothesis, comparing adsorbed/absorbed gases from IHOPG and chromate dispensers after various periods left at room temperature.
In order to measure absorbed gas, the dispensers were left at room temperature for a range of times between 2 and 72 hours, and then heated to a constant temperature, corresponding to about 1.8 mV of fluorescence. During the heating process, the RGA measured various gas pressures every few seconds. The resulting curves were compared to a curve produced by the dispenser after 1 hour at room temperature (i.e., when almost no gas should have been absorbed). The area difference between the curves is proportional to the total waste gas released, as illustrated in Figure 6 . The total gas released is approximated by multiplying the area between the curves by the pump rate of the ion pump. Figure 5 shows the results of these tests and calculations.
The results show that both dispensers collect similar amounts of gas up to about 24 hours at room temperature. At longer times, the chromate dispenser continues to absorb, but the IHOPG levels off, except for hydrogen. This is unsurprising because rubidium intercalated graphite is known to act as a getter for hydrogen at room temperature. 20 These results show that the IHOPG dispensers attract less total waste gas than the chromate dispensers when left cold for an extended period, which may increase the IHOPG's utility in experiments where long periods of inactivity are expected.
VI. CONCLUSIONS AND OUTLOOK
Experimental data and observations show that IHOPG is a suitable source for clean rubidium vapor in a cold atom experiment. IHOPGs consist of relatively inexpensive and easily available materials, and their production only requires equipment typically available in atomic physics laboratories. They are operated with similar equipment to chromate dispensers, but require less power to operate and produce much less waste gas. Handling time in air can be increased to over 90 minutes with simple post-processing. Under most circumstances, this should be enough time to mount the IHOPG and bring the chamber down to rough vacuum. Another potential issue with IHOPGs is the low maximum baking temperature, which is limited to the activation temperature of the IHOPG, between 125 and 150 ℃, but these temperatures are often enough to bake out a chamber, albeit over a longer period.
The increased capacity per mass and volume of IHOPGs is an advantage in experiments where long-term operation without service is necessary, such as space applications. The high purity of the output vapor reduces load on the vacuum pumps, and minimizes the increase in background pressure, which may be especially useful in experiments requiring a compact form factor, where, for instance, differential pumping schemes might not be feasible.
Since cesium and potassium are both known to intercalate into HOPG with relative ease, they are excellent candidates for dispenser production as well. Cesium's applicable thermodynamic characteristics are very similar to that of rubidium, so loading and dispensing may work at very similar temperatures. Potassium, having a much lower vapor pressure for a given temperature, will almost certainly require higher temperatures to activate the dispenser, but these temperatures may still be lower than those required for a potassium chromate dispenser.
The production of IHOPGs is simple and inexpensive. They can be produced with equipment readily available to most atomic physics labs. No highly technical skills are required to produce them. Therefore, they may find applications in undergraduate-level atomic physics experiments, where budgets are limited and students have not yet developed extensive technical skill. 21 As an undergraduate-level experiment, the production of IHOPGs could be used to instruct students on the use of a glove box, basic vacuum protocol, and safe handling of alkali metals.
IHOPGs have already been used in-house to load a 2D grating MOT. The atom numbers observed in the 2D and 3D grating MOTs were very favorable compared to other similar experiments, 16,22-24 despite using less overall laser power than other grating-based systems.
An IHOPG is currently in use on an experimental apparatus that regularly produces BoseEinstein condensates. The apparatus was changed over from a chromate dispenser to an IHOPG and has experienced a noticeable improvement in trap lifetime. This, in addition to the data described here, suggest that the integration of IHOPG dispensers into systems is practical and can improve their behavior, compared to chromate dispensers. Our exper-imental apparatus currently under construction are moving over to IHOPG from chromate dispensers whenever feasible.
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